Increasing traffic volumes and loads as well as public expectation for a long-lasting transportation infrastructure have necessitated designing perpetual pavements. The KDOT (Kansas Department of Transportation) conducted a field trial to investigate the suitability of perpetual pavement concept for Kansas highway pavements. The experiment involved construction of four thick pavement structures. To verify the approach of designing perpetual pavements on the basis of an endurance strain limit, the pavements were instrumented with gauges for measuring tensile strains at the bottom of asphalt base layers at various speeds. Pavements were also instrumented with pressure cells to measure stress on the top of subgrade. Pavement response measurements under known vehicle load were performed in August 2006. FWD (Falling-weight deflectometer) was also used to collect deflection data at 15 m intervals on the same date. FWD first-sensor (center) deflections were normalized and corrected to 20 o C temperature based on measured mid-depth pavement temperature. The result shows that strain and stress measurements show significant amount of variations. Measurements in the thickest section are the most consistent. The higher the traffic speed, the lower the strains and stresses. The difference between strains and stresses at 30 km/hr and 65 km/hr is higher than the difference between 65 km/hr and 95 km/hr. This shows the effect of speed on stresses and strains decreases as the speed increases. Softer binder in the asphalt base layer results in lower strains, which confirms that softer binder results in higher fatigue life.
Introduction


The increasing traffic volumes and loads as well as the public expectation for a longer-lasting transportation infrastructure have necessitated designing flexible pavements with a life of up to 50 years. Perpetual pavements are expected to meet the need for such a longer-lasting pavement. Thick and stiff pavement layers in perpetual pavements reduce the strains and stresses at the bottom of the asphalt concrete layer, thereby reducing the potential for cracking to be initiated at the bottom [1] .
Fatigue cracks may develop in the surface layer and propagate horizontally in the top lift. Because they appear at the pavement surface, top-down cracks can be observed, and action can be taken to eliminate them. Asphalt overlays or inlays are the most common solutions currently applied for top-down cracks. The cracks that initiate at the surface are not eliminated through the perpetual pavement concept. The concept leads to pavement structures that crack only at the surface and need repair only at the surface. This failure mode leads to significant monetary savings for the repair, rehabilitation, and reconstruction of these pavements [2] .
The KDOT (Kansas Department of Transportation) conducted a field trial to investigate the suitability of perpetual pavement concept for Kansas highway pavements. The experiment involved construction of four perpetual pavement sections. To verify the approach of designing perpetual pavements on the basis of an endurance strain limit (70 micro-strains at the bottom of asphalt layer), the four pavements were instrumented with gauges for measuring tensile strains at the bottom of the asphalt base layers. Pavements were also instrumented with pressure cells to measure stresses on the top of subgrade. Pavement response measurements under known vehicle load and FWD (falling-weight deflectometer) were also performed [2] .
Objectives
The main objective of the study was to investigate the effect of traffic speed on stresses and strains in perpetual pavement sections. Relationship between the FWD first-sensor (center) deflection and measured responses were also investigated.
Test Sections
Test sections in this study are the perpetual asphalt pavement sections on US highway 75 (US-75). The experiment involved construction of four thick pavement structures on a new alignment of US-75 near Sabetha, Kansas. To verify the approach of designing perpetual pavements based on an endurance strain limit, four pavements were instrumented with gauges for measuring strain at the bottom of the asphalt base layers. A research team from Kansas State University placed instrumentation systems in the four pavement structures during their construction in June 2005. Table 1 shows the pavement structures. The estimated design cumulative traffic for these pavements is 2.6 million ESALS/lane for 10 years and 5.7 million ESALS/lane for 20 years [2] . High plasticity clay (A-7-6) a nominal maximum aggregate size is 9.5 mm and the gradation is above the maximum density line, b the bottom 3 was designed at 3% air voids for a binder-rich layer (Pb = 6.0%, design air voids = 3% ± 2%, VFA = 77%).
Data Collection
Stress and Strain Data
were recorded with a national instruments data acquisition system at a rate of 300 records per second. A sampling rate of 3,000 Hz was used and the average value for ten samples were recorded. The data were recorded in text format in separate files for each passes of the vehicle and were then processed using Microsoft excel [2] .
FWD Deflection Data
FWD (falling-weight deflection) deflection data used in this study were collected with a Dynatest 8000 FWD. The tests were done at 15 m intervals.
Pavement Mid-depth Temperature
Pavement mid-depth temperature was measured on test sections during data collection session. The thermocouple of a temperature gauge was lowered into the holes drilled in the AC (asphalt concrete) layers and filled with oil to measure the temperature at the mid-depth of each AC layer at the time of response measurements [2] . Measured mid-depth temperature was used to correct normalized FWD first-sensor (center) deflection data to a standard temperature of 20 o C.
Data Analysis
Structural capacities of flexible pavements are determined from surface deflection measurements.
Currently the most widely used NDT (nondestructive testing) system is the FWD (falling-weight deflectometer) [4] . Measured deflections by FWD must be corrected to a standard load, usually 40 kN [5] and to a predefined environmental condition. The most critical environmental factor affecting deflections in flexible pavements is the temperature of the AC layer [6] [7] [8] . Thus pavement deflection data must be adjusted to a reference temperature [9] . A two-step correction procedure typically needs to be applied. The first step consists of measuring the effective temperature of the AC layer, and the second step consists of adjusting the surface deflection to a reference temperature using a correction factor [10] . Normalized FWD center deflection data were corrected to a standard temperature of 20 o C based on measured mid-depth temperature. It should be noted that stress and strain measurements were not made at exactly the same location as the FWD deflection data. Fig. 1 shows the effect of traffic speed on the longitudinal strain. In general, the higher the FWD center deflection, the higher the longitudinal strain at the bottom of the asphalt layer. The higher the traffic speed, the lower the longitudinal strain. Some of the gauges were removed during construction and later retrofitted in Section 3. That may be one of the reasons why the trend in longitudinal strain in Section 3 is somewhat different.
Results and Discussion
Longitudinal Strain
Comparison of maximum and average longitudinal strain at various speeds is shown in Fig. 2 . The minimum longitudinal strain was not included since it is zero for all sections at all speeds. The higher the traffic speed, the lower the longitudinal strain for all sections. Section 4 shows the lowest maximum longitudinal strain at all speeds, which may be due to its highest thickness. The lowest average longitudinal strain is observed in Section 3 at all speeds, which shows that Section 3 has higher fatigue life because of its softer base mix. Table 2 shows the significant difference test results for longitudinal strain at 5% significance level. Longitudinal strain at 30 km/hr is not significantly different from the longitudinal strain at 65 km/hr in all sections except Section 4 whereas it is significantly different from the longitudinal strain at 95 km/hr in all sections except Section 3. Longitudinal strain at 65 km/hr mph is significantly different from longitudinal strain at 95 km/hr in three out of the four sections. Fig. 3 shows the effect of traffic speed on transverse strains at the bottom of the asphalt concrete layer. It shows that the higher the center deflection, the higher the transverse strain. In general, the transverse strain also decreases with an increase in speed. Transverse strains at 65 km/hr and 95 km/hr are closer to each other than the transverse strains at 30 km/hr and 65 km/hr. The trend is somewhat different in Section 3 as shown in Fig. 3c . This may be due to lower number of gauges since some were removed during construction and later retrofitted after construction. Fig. 4 shows comparison of maximum and average transverse strains at various speeds. Minimum transverse strain was not included since it was zero in all sections. The higher the speed, the lower the transverse strain in all sections. The highest average and maximum longitudinal strain is observed on Section 2 since it is the thinnest section. The lowest average and maximum transverse strain is observed in Section 3. This confirms that softer binder in base layer results in lower strain. Transverse strain at 65 km/hr is significantly different from the one at 95 km/hr in 50% of the sections. shows that it is tensile stress at that point. Table 4 shows significant difference test results for stresses on subgrade at various speeds. There is no significant difference between the stresses on subgrade at 30 km/hr and the other two speeds in all sections except the stress on subgrade at 95 km/hr in Section 3. Stresses on subgrade at 65 km/hr and 95 km/hr are significantly different from each other in about half of the sections.
Transverse Strain
Stresses on Subgrade
Conclusions
Based on this study, the following conclusions can be made:
• Strain and stress measurements show significant amount of variation. Measurements in the thickest section are the most consistent;
• The higher the traffic speed, the lower the strains and stresses in general. This confirms the viscoelastic nature of asphalt;
• The difference between strains and stresses at 30 km/hr and 65 km/hr is higher than the difference between 65 km/hr and 95 km/hr in general. This shows the effect of speed on strains and stress decreases as the speed increases;
• Softer binder in asphalt base layer results in lower strains, which confirms that softer binder results in higher fatigue life.
